We describe two diagnostic methods for measuring the velocity of mildly relativistic, high current electron beams. The first in- 
INTRODUCTION
The past ten years have seen a great deal of interest in the production of high-power millimeter and submillimeter wavelength radiation with free electron devices such as the gyrotron1 and the free electron laser. 2 In contrast with conventional microwave tubes which typically use 1-20 keV, milliampere beams, these devices employ 50 keV-2MeV electron beams with current densities of up to tens of kiloamperes per square centimeter. In addition, their operating frequency and efficiency are extremely sensitive 3,4 5 to the electron velocity components in the beam. In this paper we discuss two velocity diagnostic techniques which may be used with high energy, high current density beams. Both diagnostics have been successfully tested on an electron beam with an energy of 400-1200 keV carrying a current of 1-2kA.
The first technique, used successfully by Avivi et a1 We note that the first diagnostic, the capacitive velocity probe, yields information about v,, alone, whereas the cyclotron wavelength probe measures a combination v,, and v . By combining the two diagnostics, a full description of the electron beam may be obtained which has been the major aim of our experiments.
In section II we describe the experimental apparatus which provides the electron beam used for testing both diagnostics.
In sections III and IV we describe the capacitive velocity probe and the cyclotron wavelength probe respectively and discuss the experimental results.
In section V we combine the two sets of measurements to obtain a complete description of the velocity components in the electron beam and discuss the advantages and problems inherent in each technique.
II. EXPERIMENTAL APPARATUS
The experimental arrangement is shown in Fig. 1 It may, therefore, be considered constant during the 30ns pulse of the electron accelerator.
The approximate locations of the velocity diagnostics in the drift tube are shown in Fig. 1 . The cylindrical capacitor and Rogowski coil comprise the capacitive probe while the pinhole aperture and collector comprise the cyclotron wavelength probe.
In the experiments described below, an additional aperture was placed immediately downstream of the electron gun. This aperture is a graphite cylinder 4cm long with an inner diameter of 9'.53mm.
The purpose of this aperture was to limit the radius of the beam thereby preventing electrons at large radii from damaging the dielectric insulator between the electrodes of the cylindrical capacitor. Furthermore, electrons striking the capactor give rise to erroneous results. We point out that the capacitor and Rogowski coil constitute a nonperturbing diagnostic, and may thus be used in conjunction with an ongoing experiment, as for example a free electron laser or gyrotron.
III. THE CAPACITIVE VELOCITY PROBE
The capacitive velocity probe is made up of a cylindrical capacitor surrounding the electron beam and a current detector. A schematic of such a system is shown in Fig. 2 . When the electron beam passes through the center of the capacitor, a potential difference develops between the capacitor plates. This potential difference, V(t), is equal to the integral of the radial space charge electric field of the beam, Er (r,t), from the inner (r=a)
conductor to the outer (r=b) conductor of the capacitor, b
where n(r,t) is the localelectron number density at a radius r in the beam, R is the beam outer radius, and C=27rcoKk/kn(b/a) is the capacitance; Z is the length of the capacitor, and K is the dielectric coefficient of the insulator. In this way, a measurement of V(t) along with an accurate knowledge of C may be used to determine the value of the integral in Eq. (2) which is just the charge per unit length in the beam. This quantity is used along with a simultaneous measurement of the beam current I(t)=-eflv,,(r,t)n(r,t)2rrdr
to yield the spatially averaged axial velocity in the beam,
f n(r,t)27r dr
The capacitor used in the experiments is composed of a stainless steel cylinder 8.9cm long placed inside the grounded drift tube which serves as the second concentric conductor. The inner cylinder is separated from the drift tube by a 2mil gap which is filled with a layer of teflon dielectric. Current passing through the capacitor is measured in two ways, with a Rogowski coil and with a lmQ current viewing resistor (CVR) connected to a graphite collector immediately downstream of the capacitor. The data presented in this paper were obtained using the latter method since we were able to obtain a more accurate calibration for the CVR. If the beam contains a spread in v,,, the first peak will be broadened and each subsequent peak will be further broadened due to the loss of phase coherence of the orbits of electrons with diffe Ient values of v,, as they propagate in the z direction. This brcadening will be accompanied by a decrease in peak amplitude with z ince the total number of electrons behind the aperture is conse ved. This behavior is clearly demonstrated in Fig. 6 where the peaks progressively broaden and decrease in amplitude with increasing z. We believe that a detailed analysis of this behavior could be used to estimate the beam "temperature". However, such an analysis
has not yet been made. These values of ye,, represent an average over the beam cross-section.
As epected, y 1 , increases monotonically with increasing yo.
In order to completely characterize the beam a knowledge of the tota: beam relativistic factor y=(1-S-r331 or an independent measurenent of ,, is necessary. In the following section we show how the results of this diagnostic and the capacitive velocity probe described earlier may be combined to yield values for 3,, and f?. We point out, however, that in low current density beams y is well-known (y=y 9 ) and the cyclotron wavelength probe alone may be used to determine both the average streaming velocity 3. and the average transverse velocity 3 , In the paragraphs below we discuss three possible sources of error inherent in these diagnostic techniques and their effect on the data plotted in Fig. 9 . These are (a) systematic errors associated with the direct measurement of beam parameters, (b) space charge effects and (c) errors resulting from the "averaging" of ,, and ye,, inherent in the two diagnostics.
a) The capacitive velocity probe technique involves measurements of V(t) and I(t) as well as a knowledge of the capacitance C.
While we were able to measure C to high accuracy (1%) we note that small errors in the measurement of V(t) and I(t) lead to considerable errors in the values of P2/,, obtained when the results of the two dianostics are combined. For example, increasing the values of f,, plotted in Fig. 4 by 3% results in a decrease in /,, by 12-15% over the values plotted in Fig. 9 . An underestimate of 3,, in our system would most likely result from an underestimate of the beam current as measured by the CVR. In a short pulse, high current density beam such as ours, plasma formation, secondary emission and reflection of primary electrons from the collector surface12 as well as finite inductance effects in the collector-CVR system may be important.
We have not studied these effects in our experiments.
We point out that the measurements carried out with the cyclotron wavelength probe are less prone to errors of this sort. This is because this technique involves only a knowledge of the axial magnetic field and the axial position of the current collector, both of which may easily be determined to high accuracy. 
